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Abstract:  
A novel method to fabricate full range Al content of monoclinic β-(AlxGa1-x)2O3 thin-film has been 
demonstrated. With an optimized annealing condition, a Pulse Laser Deposition (PLD) deposited 
β-Ga2O3 thin-film could transform from a binary become a ternary β-(AlGa)2O3 alloy, which is 
resulted from the Al atoms of sapphire substrate diffused into the PLD deposited gallium oxide 
layer. By using the ultra-high temperature annealing technique, β-(AlxGa1-x)2O3 films with >70% 
Al composition could be achieved which covering the bandgap from 4.9 to 6.4 eV. With such a 
method, one can achieve a full range of monoclinic β-(AlGa)2O3 thin film deposited by single 
Ga2O3 PLD target with good crystal quality, stable surface morphology, and a homogeneous 
composition of ternary compound materials without using various Al content targets of (AlGa)2O3 
bulks. Ultra-high temperature annealing technique is a promising method to fabricate bandgap 
tunable β-(AlGa)2O3 thin-film. 
 
Introduction  
III-oxide semiconductors such as Ga2O3 have gathered rising attention recently because of 
their wide bandgap, excellent stability, and availability of lower-cost bulk substrates for high-
performance deep-ultraviolet (DUV) solar-blind photodetectors (PDs), transparent electronics, and 
power electronics.1-13 Monoclinic β-Ga2O3 is the most stable Ga2O3 crystalline structure with a 
melting point of 1740 ℃ and has been widely studied.14 On one hand, bulk β-Ga2O3 crystals can 
be formed by methods including edge-defined film-fed growth (EFG)15, floating zone,16 and 
Czochralski. 17  On the other, thin-film deposition techniques including sol-gel solution 
deposition, 18  sputtering, 19  chemical vapor deposition (CVD), 20  mist CVD, 21  pulsed laser 
deposition (PLD), 22  molecular beam epitaxy (MBE), 23  and metalorganic chemical vapor 
deposition (MOCVD)24 have been extensively employed. For further development of III-oxide 
optical and power devices, the progress would benefit greatly from the alloy formation and 
tunability of the alloy composition and thereby the associated properties such as bandgap, 
absorption spectrum, and breakdown field. The alloys of interest include (AlxGa1-x)2O3, (InxGa1-
x)2O3, and (AlxIn1-x)2O3 ternary alloys and even quaternary alloys (0≤x≤1). In particular, (AlGa)2O3 
is an interesting candidate for shorter-wavelength and higher-power devices due to tunable 
bandgaps from 4.9 (-Ga2O3) to above 8.6 eV (-Al2O3).  
To form (AlxGa1-x)2O3 thin films, researchers have employed RF sputtering,25 PLD,26,27 
mist-CVD,28 MOCVD, 29 and MBE, 30, 31,32 as summarized in Table 1. These ‘direct-growth’ 
techniques offer excellent tunability of material compositions and compositional homogeneity. 
However, the associated costs are not trivial because of the requirement of targets with different 
compositions, various precursors/sources, or demanding environments such as an ultra-high 
vacuum.  
In the 1990s, Fleischer and Battiston et al. discovered that thermal annealing of Ga2O3 thin 
films on sapphire could lead to Al diffusion into the films. 33,34 Later, Kokubun et al. found that 
increased temperatures from 600 to 1200 oC during heat treatment of Ga2O3 sol-gel can boost the 
polycrystalline Ga2O3 bandgap from 4.95 to 5.53 eV which the authors attributed to the Al 
diffusion.18 Recently, Goyal et al. varied annealing temperatures of polycrystalline Ga2O3 thin 
films on sapphire from 600 to 1000 oC to obtain changing bandgap from 4.63 to 5.15 eV with 
annealing time of 24 and 36 hours.35 They performed secondary ion mass spectrometry (SIMS) 
analysis which shows Al diffusion into the films, though being largely inhomogeneous. Those 
studies hint a viable pathway of forming (AlxGa1-x)2O3 ternary alloys based on Ga2O3/sapphire 
templates by thermal diffusion, thereby being low cost and straightforward as opposed to the direct 
growth techniques. However, the Al composition is still low and inhomogeneous with 
polycrystalline templates in those studies, which greatly hinders the prospects of this promising 
technique.  Besides, the thin film/sapphire interface has not been examined, preventing an 
understanding of the annealing impact. 
 
  Table 1. Summary of formation of (AlxGa1-x)2O3 thin films by various techniques. 
Techniques Al composition range Phase Ref. 
RF sputtering x = 0.059 -AlxGa1-x)2O3 25 
PLD x = 0.98 -AlxGa1-x)2O3 27 
Mist-CVD x = 0.81 -AlxGa1-x)2O3 28 
MOCVD x = 0.40 
y = 0.39 
-AlxGa1-x)2O3 + 
 -AlyGa1-y)2O3 
29 
MBE x = 0.61 -AlxGa1-x)2O3 30 
 
 
In this work, we have employed single-crystalline Ga2O3/sapphire templates for thermal 
annealing to obtain ternary β-(AlxGa1-x)2O3 alloys with homogeneous Al composition through the 
entirety of the film. Controlling annealing temperature from 1000 to 1400 oC can tune the diffusion 
rate, leading to Al compositions from 0 up to 78%, corresponding to a large bandgap from 4.9 to 
6.4 eV for β-(AlxGa1-x)2O3. The corresponding material quality, surface morphology, composition 
homogeneity were characterized systematically. In addition, the thin film/sapphire interface was 
investigated by high-resolution transmission electron microscopy (TEM). 
 
Experiment 
In this study, 50-nm thick β-Ga2O3 thin films were deposited on c-plane sapphire substrates 
by the PLD. Although the PLD was utilized, it is important to note that the same studies can be 
performed for β-Ga2O3 thin films on sapphire grown by other techniques such as CVD, MBE, and 
MOCVD because thermal diffusion can occur regardless of the growth techniques. The PLD 
condition includes 800 ℃ heater temperature, 4.5 mTorr chamber pressure, and KrF (248 nm) 
excimer laser power of 400 mJ with a 5 Hz repetition rate. A single Ga2O3 target provided by 
Sigma-Aldrich was in use. The thermal annealing was conducted with a MTI KSL-1700X-A4-DC 
furnace at different temperatures of 1000−1600 ℃ with the step of 100 oC in air at atmospheric 
pressure for either three or six hours. The surface of the samples was covered by a separate bare 
sapphire substrate. The crystal structures, material quality, material composition, surface 
morphology, optical properties, thin-film thickness, and interface were characterized by using X-
ray diffraction (XRD), atomic force microscopy (AFM), SIMS, Raman spectroscopy, optical 
transmission, and TEM. The XRD 2 and rocking curve scans were carried out by a Bruker D2 
PHASER system with a wavelength of 1.54 Å and a Bruker D8 Advance system, respectively. 
AFM was performed by a Dimension Icon SPM system. SIMS experiments including element 
depth profiling were performed by a Dynamic SIMS system from Hiden Analytical. Raman spectra 
were recorded by a Horiba Aramis system with 473 nm laser. The optical transmission was 
measured by the Shimadzu UV-3600 spectrophotometer. Afterward, the optical bandgap was 
deduced from the Tauc plot from transmission spectra. The TEM specimens and the cross-
sectional TEM images were obtained by a Helios focused ion beam (FIB) system and an FEI Titan 
ST system.  
 
Results and Discussion 
Figure 1 shows the XRD 2 scan spectra of the as-deposited and annealed Ga2O3 thin films 
on sapphire with different annealing temperatures, and a bare sapphire substrate. For the as-
deposited sample, there are three dominating peaks from the (-201) and higher-order diffraction 
planes of β-Ga2O3 thin films, demonstrating single crystallinity. The (0006) sapphire substrate 
diffraction plane peak can also be seen. As the annealing was introduced with temperatures 
increasing from 1000 to 1500 oC, each annealing condition sustained for 3 hours, the (-201) peak 
positions shifted toward higher angles as shown in Figure 1 and summarized the peaks in Table 2, 
indicating decreased out-of-plane lattice constant according to the Bragg’s Law. The annealed 
samples were single crystalline with the temperatures of 1000 and 1100 oC. But with the 
temperatures of 1200, 1300, and 1400 C, the (-402) peak split into two peaks: one remained as 
the (-402) peak and the other one might belong to the (-401) diffraction plane peak, which deserves 
further investigation. Two extra peaks (400) and (002) were observed in 1400 C annealed sample, 
these two diffraction peaks could be attributed to the thermal-strain induced by high-temperature 
annealing,36 which are disappeared when the annealing temperature is too high (1500 oC and above) 
because the thin film starts to decompose and release the strain. With the temperature of 1500 oC, 
the material returned to single crystallinity. The crystallite sizes estimated by using the Scherrer 
equation increased from 33.6 to 88.3 nm with increasing the annealing temperature. 
 Figure 1. XRD 2 scan spectra of the as-deposited and annealed Ga2O3 thin films on sapphire 
with different annealing temperatures for 3 hours, and a bare sapphire substrate. 
Table 2. XRD 2 scan β-Ga2O3 (-201) and higher-order diffraction plane peaks and sapphire (0006) 
peaks with different annealing temperatures. The (-201) peak shift of each sample with different 
annealing temperatures were listed as the final column. 
 
Annealing 
temperature 
(-201)  
β-Ga
2
O
3
 peak 
(-402)  
β-Ga
2
O
3
 peak 
(-603)  
β-Ga
2
O
3
 peak 
(0006) Sapphire 
peak 
(-201) β-Ga
2
O
3
 
Peak shift 
As-deposited 18.95
o
 38.36
o
 59.04
o
 41.68
o
 0
o
 (reference) 
1000 oC 18.98
o
 38.52
o
 59.28
o
 41.68
o
 +0.03
o
 
1100 oC 19.13
o
 38.83
o
 59.80
o
 41.68
o
 +0.18
o
 
1200 oC 19.25
o
 (-401) 38.19
o
/ 39.02
o
 60.03
o
 41.68
o
 +0.30
o
 
1300 oC 19.33
o
 (-401) 38.30
o
/ 39.20
o
 60.29
o
 41.68
o
 +0.38
o
 
1400 oC 19.37
o
 (-401) 38.43
o
/ 39.28
o
 60.51
o
 41.68
o
 +0.42
o
 
1500 oC 19.43
o
 39.40
o
 60.72
o
 41.68
o
 +0.48
o
 
1600 oC N/A N/A N/A 41.68
o
 N/A 
 
It is important to note that the decreased lattice constant may result from enhanced tensile 
strain and/or lattice incorporation of smaller atoms like Al amid the annealing. To corroborate the 
findings of the XRD 2 scan, the SIMS analysis was carried out with depth profiling of Al, Ga, 
and O elements for the as-deposited and annealed samples at 1000, 1200, and 1400 ℃ shown in 
Figure 2. Figure 2(a) shows that the Al concentration is at the detection limit level indicating 
minimal Al diffusion. Also, the Ga2O3 film thickness is 50 nm consistent with the design of the 
PLD experiments. With three hours of annealing at 1000 oC, significant Al diffusion occurred 
unambiguously shown in Figure 2 (b). The annealing also increased the film thickness to 110 nm 
indicating the interdiffusion process of Ga and Al atoms. However, there is a gradient of Al 
concentration throughout the film and thus the alloy material composition is not homogeneous. 
The inhomogeneity can be greatly improved by elongating the annealing time from three to six 
hours at 1000 oC. With higher temperatures of 1200 and 1400 oC, the film thickness increased 
further to 190 and 250 nm with three hours of annealing, respectively, suggesting stronger 
interdiffusion shown in Figure 2 (c)-(d). More importantly, the Al compositions are highly 
homogeneous throughout the entire film. All the carbon signals in Figure 2(a)-(d) are at a low level 
show the low contamination and good quality of these samples.  
 
 
Figure 2. SIMS depth profiling of (a) As-deposited β-Ga2O3 and after (b) 1000 ℃ (c) 1200 ℃ (d) 
1400 ℃ annealed in the air for 3 hours β-(AlGa)2O3 thin film samples. The inset figures are the 
sample structures with the estimated thin film thickness of each sample. 
To quantify the Al composition of the annealed samples, the optical transmission measurement 
was conducted to obtain optical bandgap shown in Figure 3(a). Blueshift in the absorption edge 
with increased annealing temperature can be observed indicating that the successful alloying 
occurred after the Al diffusion forming β-(AlxGa1-x)2O3 with increased Al composition with the 
annealing temperature.  Because of the detection wavelength limitation of UV-vis, we only can 
measure the wavelength down to 190 nm, which makes the transmission curves of high 
temperature (1300 oC and above) uncompleted measured. The bandgap of annealed thin films was 
firstly deduced from the Tauc plot shown in Figure 3 (b) calculated from the transmission spectra. 
Then the bandgap can be determined by extrapolating linear regions of these curves to the 
horizontal axis. An increase in bandgap with annealing temperature was observed. The bandgaps 
for the as-deposited -Ga2O3 film) were 4.88 eV and for the annealed β-(AlxGa1-x)2O3 films at 
1000, 1100, 1200, 1300, and 1400 ℃ for 3 hours are 5.31, 5.82, 6.06, 6.20 and 6.38 eV, 
respectively. One may notice in Figure 3 (b) that the bandgap remained almost unchanged at 5.32 
eV with the annealing periods of six and three hours at 1000 ℃.  
 
Figure 3. (a) Transmission spectra of the -(AlGa)2O3 films on sapphire with different annealing 
temperatures. (b) The (hv)2 versus hv plots (Tauc plot) of the -(AlGa)2O3 films and the optical 
energy bandgap extrapolations.  
  
Afterward, the Al composition of the β-(AlxGa1-x)2O3 thin films can be determined 
according to the equation Eg(x) = (1-x) Eg(β-Ga2O3) + x Eg(-Al2O3) – b x (1-x), where the bowing 
parameter b = 1.78 eV was used for the monoclinic phase.37 The bandgaps of β-Ga2O3 and -Al2O3 
were 4.87and 7.24 eV. Consequently, the Al composition of the high temperature annealed -
(AlGa)2O3 films at 1000, 1100, 1200, 1300, and 1400 ℃ are36, 58, 67, 72, and 77%, respectively. 
The relationship between the temperature and the Al composition shows quasi-linear behavior in 
Figure 4(a), suggesting that the annealing temperature is an excellent knob to control the alloy 
composition. Figure 4 (b) shows the bandgap versus Al composition. The results are consistent 
with PLD experiments using different (AlxGa1-x)2O3 targets. 26,27,31 The SIMS and transmission 
experiments corroborated the XRD 2 scan results well, in that the shift in the XRD peaks related 
to the monolithic phase is caused by the Al diffusion, resulting in the -(AlxGa1-x)2O3 ternary alloys 
with larger and tunable bandgap versus the annealing temperature with the Al composition at or 
even higher than 77%. Previously, Peelaers et al. predicted that the monoclinic phase is the 
preferred structure for up to 71% Al incorporation into -(AlxGa1-x)2O3.37 Thus, our study 
demonstrates considerably higher Al composition than Peelaers’ theoretical prediction without 
showing any β-(AlxGa1-x)2O3 and -(AlxGa1-x)2O3 mixed-phase phenomenon.  
 
Figure 4. (a)Al composition evaluation of the -(AlxGa1-x)2O3 films as a function of annealing 
temperature. (b) The bandgap of the -(AlxGa1-x)2O3 film as a function of Al composition. 
           
The SIMS results in Figure 2 indicate interdiffusion of Al and Ga atoms resulting in thicker 
-(AlxGa1-x)2O3 thin films at higher annealing temperatures. Therefore the understanding of the -
(AlxGa1-x)2O3 thin film/sapphire interface is crucial to further utilize and optimize the annealing 
process. To investigate the interface, we have performed cross-sectional TEM experiments of the 
samples annealed at 1000 and 1400 oC for three hours. Figure 5(a) shows the TEM images of the 
-(AlGa)2O3 film annealed at 1000 ℃ (Al content is 36%). The thickness of the -(Al0.36Ga0.64)2O3 
thin film is about 122 nm thick which in good agreement with the thickness that the SIMS profiling 
estimated (Figure (b)). Figure 5(b) shows the TEM images of 1400 ℃ annealed -(AlGa)2O3 
sample (Al content is up to 77%). The film thickness of -(Al0.77Ga0.23)2O3 is about 242 nm which 
also consists of the SIMS result. According to the HRTEM images of both samples, t there is a 
transition layer between the annealed -(AlGa)2O3 thin film and sapphire substrate. The schematic 
diagram shows the Al and Ga atoms interdiffusion process during the high-temperature annealing, 
the higher annealing temperature the thicker -(AlGa)2O3 inter diffused film formed toward the 
sapphire substrate. 
 
 
 
Figure 5. Cross-sectional TEM images of the -(AlGa)2O3 annealed at (a) 1000 ℃ and (b) 
1400 ℃. The insert HRTEM images show a transition layer between the annealed -(AlGa)2O3  
film and the sapphire substrate. The schematic diagrams show the interdiffusion process during 
the high-temperature annealing. 
High-resolution cross-sectional TEM image of 1000 oC and 1400 oC annealing samples are 
shown in Figure 6 (a) and (c), a transition layer between the AlGa2O3 film and the sapphire 
substrate around 5 nm thick can be identified, both annealing samples show the identical transition 
layer thickness (5 nm). The fast Fourier transform (FFT) diffraction pattern of both annealed 
samples possesses a -Al2O3 corundum crystal structure feature of the sapphire substrate and a 
monoclinic -(AlGa)2O3 crystal structure feature, and the FFT diffraction patterns of transition 
layer in both samples show the mixed feature (-Al2O3 and -(AlGa)2O3 patterns) in between the 
-(AlGa)2O3 film and the Sapphire interfaces. STEM HAADF images and EDX mapping of 1000 
oC and 1400 oC annealed -(AlGa)2O3 samples are shown in Figure 6 (b) and (d). The EDX 
mapping with interest elements (Al, Ga, O and overlapped) around the transition region (marked 
with a white rectangular area) and EDX spectra of both annealed samples are also demonstrated. 
EDX mapping in Figure 6 (b) and (d) show clearly that the Al atoms diffused from sapphire 
substrate upward to the (AlGa)2O3 film layer and the Ga atoms diffused from (AlGa)2O3 film 
downward to the sapphire substrate, which is confirmed the thermal-driven interdiffusion 
mechanism of AlGa2O3 forming from as-deposited Ga2O3 by high-temperature annealing. 
Meanwhile, the O atoms distributed all over the area. The EDX signal overlap mapping shows a 
tiny orange layer as evidence of a transition layer existing in the thin-film/substrate interface. The 
EDX spectrum of 1000 oC shows less Al signal intensity than Ga, however, the EDX spectrum of 
1400 oC shows stronger Al signal intensity than Ga. These results represent that with higher 
temperature annealing, more Al diffused into the AlGa2O3 layer, resulting in the higher annealing 
temperature the higher Al content can achieve.     
One should notice that because of the film thickness increased after the high temperature 
annealing, a thin layer (e.g. 50 nm) of PLD deposited -Ga2O3 is expected to leave a room for the 
annealed -(AlGa)2O3 layer become thicker (e.g. become 250 nm) due to the interdiffusion with 
the sapphire substrate during the high-temperature process. Within such a relatively thin PLD layer 
controlled in advance, one can achieve a designed thickness and Al content -(AlxGa1-x)2O3 film 
on sapphire with good crystal quality and a homogeneous composition inside the thin film. 
 
 
 
Figure 6. Cross-sectional HRTEM images and their FFT diffraction patterns of annealed 
-(AlGa)2O3 thin film, transition layer, and sapphire substrate with an annealing temperature of (a) 
1000 ℃ and (c) 1400 ℃. The HAADF images, EDX mapping with interest elements (Al, Ga, O 
and overlapped) around the transition region (white rectangular area) and EDX spectra of (b) 1000 ℃ 
and (d) 1400 ℃ annealing samples. 
 
Conclusion 
In conclusion, a novel and efficient method to fabricate the full range Al content of monoclinic β-
(AlxGa1-x)2O3 thin-film has been demonstrated. With an optimized annealing condition, a PLD 
deposited β-Ga2O3 original film has been transformed from a binary to become a ternary β-
(AlGa)2O3 alloy, which is resulted from the Al atoms of sapphire substrate diffused into the gallium 
oxide layer. By using this ultra-high temperature annealing technique, β-(AlGa)2O3  films with >70% 
Al composition could be achieved which covering the bandgap from 4.9 to 6.4 eV. With such a 
method, one can achieve a full range of monoclinic β-(AlGa)2O3 thin film which deposited by a 
single PLD Ga2O3 target with good crystal quality, stable surface morphology, and a homogeneous 
composition of ternary compound materials without using various composition (AlGa)2O3 targets. 
The bandgap of the annealed β-(AlGa)2O3 film increases with enhanced diffusion at increasing 
annealing temperature. The results are promising for producing ternary β-(AlGa)2O3 materials with 
desired bandgap (Al content) which could be made as devices operated in high power or the deep-
UV region. PLD deposition following by high-temperature annealing technique is a promising 
method to fabricate bandgap tunable β-(AlGa)2O3 thin film which the Al content can reach to 77%.  
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